Submergence is an important factor limiting rice (Oryza sativa L.) yield in many rain-fed lowland areas of Asia. Here we explored the genetic basis of submergence tolerance (ST) in rice and facilitated simultaneous improvement of ST of rice. The genome-wide patterns of donor introgressions in 162 backcross (BC) progenies selected for ST from 12 populations of nine crosses between three recipients and three donors were characterized using simple sequence repeat (SSR) markers. The genome-wide responses of donor alleles to strong phenotypic selection for ST were reflected in three aspects: (i) significant over introgression of the donor alleles at 295 loci in 167 functional genetic units (FGUs) across the rice genome, (ii) greatly increased homozygosity or loss of heterozygosity genome-wide, and (iii) pronounced nonrandom associations between or among the detected ST loci, which led us to discovery of putative genetic networks (multilocus structures) underlying ST of rice. Our results suggest that ST of rice is controlled by large numbers of loci involved in multiple positively regulated signaling pathways. Restoration of one or more of these broken pathways in the BC progeny by genetic complementation from introgressed functional donor alleles at ST loci provide an appropriate explanation for transgressive segregation of ST and other complex traits in rice.
R
ice is the most important cereal and staple food for more than half the world population. Rice is known for its adaptation to flooded conditions, but most rice cultivars are vulnerable to complete submergence for an extended period of time. Complete submergence, particularly under turbid water, causes severe damage to rice plants resulting primarily from dramatically reduced photosynthesis and respiration (Ella et al., 2003; BaileySerres et al., 2010) . Yield loss of rice from submergence may be moderate or severe depending on when submergence occurs during rice development. In South and Southeast Asia, submergence is an important factor limiting rice yield and stability in ~15 million ha of rainfed lowland areas (Septiningsih et al., 2009) .
Rice varieties differ significantly in their ST, which is the ability to survive and continue growing after being submerged for a certain period of time. Some rice varieties have high levels of ST. Of these, FR13A, a landrace from India, stands out with the highest level of ST (Vergara and Mazaredo, 1975; Mackill et al., 1996) . However, past breeding efforts using FR13A as the ST donor were unsuccessful to combine high yield potential with a high level of ST, because ST in FR13A is apparently associated with poor yield and some undesirable traits. Classic genetic analyses indicate that ST of FR13A has a high heritability and is controlled by both major genes plus some quantitative trait loci (QTLs) (Suprihatno and Coffman, 1981; Nandi et al., 1997; Sripongpangkul et al., 2000; Toojinda et al., 2003) . Xu et al. (2006) cloned a major ST QTL, Sub1A in FR13A, which is a transcription factor involved in the ethylene responsiveness. Sub1A-1, one of the alleles at Sub1A, was essential for ST in several semidwarf varieties (Septiningsih et al., 2009) . In a large-scale BC breeding effort, Ali et al. (2006) reported that ST progeny were identified consistently in most BC populations derived from sensitive parents. This result suggests the presence of a rich, hidden genetic diversity for ST in the primary gene pool of rice. However, questions remain to be answered regarding the genetic basis of this hidden genetic diversity for ST and their relationships with the Sub1A-1 mediated ST in rice.
In this study, we tried to dissect the hidden diversity and transgressive segregation for rice ST by characterizing genome-wide responses of 162 ST introgression lines (ILs) from 12 BC populations. Our results provide insights into the genetic basis of ST of rice and demonstrate a novel strategy for simultaneous improvement and genetic dissection of complex traits using the approach of selective introgression (Li et al., 2005) .
Materials and Methods

Development of Introgression Lines Tolerant to Submergence
Three elite high-yielding varieties, IR64 (indica from International Rice Research Institute, [IRRI] ), Teqing (indica from China), and a new plant type (NPT, tropical japonica) line were used as the recipients and crossed with two indica lines, TKM9 and FR13A from India, and one japonica landrace, Khazar from Iran (Supplemental Table S1 ). The BC breeding procedure was described previously . Briefly, the recipients were crossed with the donors to produce the F 1 progenies. The F 1 progenies were backcrossed to the recipients twice to produce bulk BC 2 F 2 populations. In addition, 30 to 50 visually selected, high-yielding BC 2 F 1 plants from each of the three NPT crosses were further backcrossed to the recipients to produce the BC 3 F 1 lines. Similarly, BC 3 F 2 populations were generated by bulk harvesting seeds of all BC 3 F 1 plants from each cross.
Screening of Submergence Tolerance
In the 2001 to 2002 dry season, ~250 seeds from each BC 2 F 2 population, the parents and a susceptible check, IR42, were directly sown in a plot of 3 by 0.5 m in the deep-pond facility of the IRRI. Thirty days after germination, the seedlings were submerged under 1.5-m-deep water for 2 wk until the susceptible check was killed. Water was then drained and the surviving plants were allowed to grow to maturity. The three NPT BC 3 F 2 populations with 1475, 1900, and 820 plants were simultaneously screened for ST with the BC 2 F 2 populations. Seeds collected from each of the survival BC 2 F 2 and BC 3 F 2 plants were progeny tested for their ST in the following 2002 wet season under the similar level of stress. In the progeny test, 10 g of seeds for each selected IL was sown in a 75-cm-long row with 15 cm between rows. At 30 d after sowing, the water level was increased up to 1.3 m and was maintained up to 14 d until the susceptible check IR42 and recurrent parents were all dead. Then, water was drained out of the pond. Those BC 2 F 3 and BC 3 F 3 lines with >50% survival rates were considered to have significantly improved ST.
Genotyping Experiments
DNA was isolated from bulked fresh leaf tissues from all plants of each confirmed ST BC 2 F 3 and BC 3 F 3 IL and the parents for reconstructing the genotypes of the selected ST BC 2 F 2 and BC 3 F 2 plants. A total of 625 SSR markers across the rice genome (McCouch et al., 2002) were used to screen the polymorphisms between the parents, from which 309 SSR markers representing 93 well-distributed bins across the rice genome ( Fig. 1 ) were used to genotype the selected BC 2 F 3 and BC 3 F 3 ILs. On average, ILs from each BC population was genotyped with 86 to 158 polymorphic SSR markers that allowed detection of >95% of the introgressed donor segments in the ILs. The six parents were also assayed using the Sub1 specific primers to determine their allelic genotypes at Sub1 (Septiningsih et al., 2009 ).
Data Analyses
Detection of Functional Genetic Units and Putative Genetic Networks Underlying Submergence Tolerance in the Selected Introgression Lines
Two concepts, FGUs and the principle of hierarchy, are defined here based on the two most common types of functional relationships between genes acting in the same signaling pathways affecting complex traits (Zhang et al., 2011) . Hierarchy reflects the one-way functional dependency (FD) of genes in downstream pathways on their upstream regulators, while an FGU represents the mutual FD among a group of genes functioning at each level of signaling pathways, which affect phenotypes in a manner of "house of cards" or complete complementarity. In other words, every gene in an FGU has to be functional in order for the FGU to be functional (no phenotypic effect), and would be nonfunctional otherwise. Epistasis (nonrandom associations) is predicted to result from these two types of FD between or among unlinked loci within a signaling pathway. Further, upstream FGUs (regulators) in a signaling pathway are expected to have larger phenotypic effects than downstream FGUs. Thus, in our selection experiment, alleles at segregating regulatory loci affecting the target trait are expected to respond more strongly than their regulated downstream ones, reflected in greater Figure 1 . Genomic distribution of 295 loci in 167 functional genetic units (FGUs) across 68 bins underlying submergence tolerance detected in 162 introgression lines (ILs) from nine BC 2 F 2 and three BC 3 F 3 populations. Boxes on the right side of each chromosome are FGUs detected in the BC 2 F 3 ILs and those on the left were detected in BC 3 F 3 ILs. Loci with thicker lines were those of high introgression and putative activators in the upstream of the genetic networks ( Fig. 2a-l) and those with an asterisk (*) are putative repressors according to the molecular-quantitative genetics theory (Zhang et al., 2011) . The large rectangular boxes cover regions where important putative regulatory loci were detected in multiple populations and searched for positional regulatory candidate genes (Supplemental Table  S4 ) from the NCBI database of the annotated rice genome. Because of the small population size from each of the backcross (BC) populations, the linkage map was adopted from the reference simple sequence repeat map of the Cornell University (Gramene database, http://www.gramene.org).
shifts in the introgression frequencies (IF) of the functional genotypes (FG) in response to selection, while FG is defined as one of the two homozygotes and heterozygote that contain the functional allele at involved loci.
Based on the above concepts, a FGU could be either single loci showing significant excess introgression or an association group (AG) of r (r  2) unlinked but perfectly associated loci of equal introgression in ST ILs selected from each BC population. Two types of statistical tests were performed to detect FGUs associated with ST. First, Chi-square tests were performed to detect whether the allelic and genotypic frequencies at individual loci across the genome in ST ILs from each BC population deviated significantly from the Mendelian expectations. Second, a multilocus probability test,
, was used to detect individual AGs for ST, where p i is the expected frequency of the donor introgression in the ILs selected from each BC population, n is the number of the total selected ILs, m is the number of ILs that have cointrogression of the donor alleles, and (n − m) is the number of ILs having no introgression at the r unlinked loci in the AG. Here (P i ) rm is the probability of m ILs having cointrogression of the donor alleles and (1 − P i ) n − m is the probability of (n − m) ILs having no introgression at r unlinked loci. Data analyses of both   tests and multilocus probability tests were simply performed using the genotypic data of the ILs in spreadsheets. The threshold to claim a significant case was P  0.005 for individual cases. For any detected AG of r (r  2) perfectly associated loci, there will be r (r − 1)/2 significant pairwise associations between the r loci, which were also confirmed by the linkage disequilibrium (LD) analyses (Weir, 1996) . Because each of the BC populations were somehow related to five other populations by sharing either the same recipients or the same donors, we also listed putative ST loci detected with the subthresholds of 0.05 < P < 0.005 if they were detected with the selected threshold in one or more related populations.
To reveal the multilocus structure of the detected FGUs-the putative genetic network underlying ST in the ILs from each BC population-pairwise gametic LD analyses were performed to characterize the relationships between alleles at all ST FGUs detected in ILs from each BC population (Zhang et al., 2014) . The LD statistics (Weir, 1996) (Zhang et al., 2014) .
Results
Development of Submergence Tolerance Introgression Lines
In the 2160 plants of the nine BC 2 F 2 populations subjected to the 2-wk complete submergence, 79 plants survived, ranging from six plants in the NPT/TKM9, NPT/Khazar and NPT/FR13A populations to 14 plants in the IR64/FR13A population with an average selection intensity (SI) of 3.7% (Supplemental Table S1 ). Of the 4195 BC 3 F 2 plants screened under submergence, 83 plants survived the stress, including 10 BC 3 F 3 ILs from the NPT/TKM9 population (SI = 0.7%), 71 ILs from the NPT/Khazar population (SI = 3.7%), and only two ILs form the NPT/FR13A population (SI = 0.2%). Under the slightly more severe submergence in the progeny testing of the 2002 wet season, under which all three recipients and two donors (TKM9 and Khazar) were killed, FR13A was the only parent survived the stress with a survival rate ~85% and all selected BC 2 F 3 and BC 3 F 3 ILs showed improved ST with survival or recovery rates 50%.
Genome-Wide Responses to Selection for Submergence Tolerance and Detection of Functional Genetic Units Submergence Tolerance
Strong selection for ST resulted in significant overintrogression of the donor genomes in the ST ILs. On average, the donor IF was 0.162 in the 79 BC 2 ILs and 0.163 in the 83 BC 3 ILs (Supplemental Table S1 ), or 30 and 160% more than the expectations, respectively. This excess introgression resulted primarily from the excess donor homozygotes across the genome. The 79 BC 2 F 3 ILs had an average frequency of 0.117 for the donor homozygote, 44% more than the expectation, and 0.089 for the heterozygote, ~55% less than the expectation. The 83 BC 3 ILs had a mean frequency of 0.152 for the donor homozygote, 4.9 times as much as the expectation, and 0.021 for the heterozygote, ~34% of the expectation. The observed LDs significant at P  0.001 and 0.0001 between loci across the genome were 21.0 and 59.0 times as much as expected by chance in the BC 2 ILs and 184.9 and 937.7 times as much as expected by chance in the BC 3 ILs, indicating the pronounced nonrandom associations of the donor segments across the rice genome in the selected ILs (Supplemental Table S2 ).
Supplemental Table S3 shows 167 ST FGUs (295 loci) located in 68 bins of the rice genome identified in the 162 ST ILs based on the thresholds of P  0.005 in  2 tests for individual loci and P  0.001 for AGs in the multilocus probability tests. These included 122 FGUs (78 loci and 44 AGs) distributed across 64 bins of the rice genome ( Fig. 1 ) detected in the 79 ST ILs from the nine BC 2 populations, and 45 FGUs (26 loci and 19 AGs) distributed in 52 bins of the rice genome detected in the 83 ST BC 3 ILs (Fig. 1) . The number of detected ST FGUs ranged from eight in the IR64/Khazar BC 2 population to 23 in the NPT/TKM9 BC 3 population. On average, each of the ST loci was detected in ILs from 4.4 populations. All FGUs except one (bin 8.2) detected in the three BC 3 populations were also identified in one or more of the BC 2 populations.
Putative Genetic Networks (Multilocus Structures) Underlying Submergence Tolerance
Based on the LD results (Supplemental Table S2 ) and the principle of hierarchy (Zhang et al., 2011) , we were able to construct putative genetic networks, each containing all ST FGUs identified in ILs from each BC population and their corresponding graphical genotypes at the detected ST FGUs ( Fig. 2A-K) . Figure 2A through 2C shows the putative genetic networks constructed from ST ILs from the three IR64 BC 2 populations. Figure 2A is the network containing all 12 FGUs (13 loci) detected in the 12 ST IR64/TKM9 ILs, which has two highly associated groups of FGUs, forming two branches (A-1 and A-2) plus six independent loci. In branch A-1, bin 9.3 had a high IF and thus placed on top as the putative regulator associated with FGUs at bin 9.8 and agST A1 (bins 8.3 and 11.1) of lower IF in the downstream. Branch A-2 had three FGUs with bin 4.2 of high IF as the putative regulator highly associated with two loci at bins 2.7 and 2.11 of lower IF in the downstream. Of the six independent FGUs, one near bin 11.4 had a high IF. Strong negative associations existed between the donor alleles at bins 11.4 and 2.7 of branch A-2 and between the donor alleles at bins 8.1 and 9.8 of branch A-1. The second network ( Fig. 2B ) consisted of seven FGUs (four AGs and three loci) in a single branch identified in the eight ST IR64/Khazar ILs. The donor alleles at agST B1 (bins 3.9, 5.4, 6.2, 7.6, and 9. 3) were present in all eight ILs of this population and placed on the top as the putative regulator, which was associated with three FGUs (agST B3 of bins 1.5 and 4.6, agST B4 of bins 11.2 and 12.1, and bin 12.6) of lower IF in the downstream. Figure 2C shows the network comprising 14 FGUs (two AGs and 12 loci) in three branches plus five individual loci detected in the 14 ST IR64/FR13A ILs. In branch C-1, bin 9.3 had a high IF and placed on top of the branch as the putative regulator highly associated with bin 12.5 in the downstream. In branch C-2, bin 2.3 had a high IF as the putative regulator highly associated with four FGUs (agST C1 , agST C2 , bins 5.6 and 7.5) of lower IF in the downstream. In branch C-3, bin 5.1 had a high IF as the putative regulator associated highly with bin 7.3 in the downstream. Of the five independent FGUs, bins 3.8 and 4.6 had high IF, whereas bins 7.6, 8.1, and 11.1 had moderate IF. A strong negative association was detected between agST C1 of branch C-2 and bin 7.3 of branch C-3. Figure 2D through 2F shows three putative genetic networks constructed from ST Teqing ILs. Figure 2D shows the network containing 18 FGUs in four major branches plus a major locus (bin 2.2) detected in the 12 ST Teqing/TKM9 ILs. Branch D-1 contained three highly associated loci near bins 5.4, 6.2, and 9.2 with bin 9.2 having high IF as the putative regulator. In branch D-2, bin 5.3 had a high IF and placed on the top as the putative regulator, which was highly associated with bins 2.5 and 7.3 in the downstream. In branch D-3, agST D2 (bins 5.5 and 9.4) had high IF and was placed on the top as the regulator, which was highly associated with three downstream loci of lower IF in bins 10.6, 12.1, and 12.5. In branch D-4, agST D1 (bins 1.7 and 10.2) had high IF as the regulator, which was highly associated with six FGUs of lower IF (agST D3 at bins 7.5 and 8.3, agST D4 at bins 4.6 and 11.3, agST D5 at bins 4.4 and 7.4, bins 9.7, 10.5, and 11.2) in the downstream. Figure 2E shows the network containing 13 FGUs (five AGs and eight loci) in one major branch plus six single loci identified in the nine ST Teqing/Khazar ILs. Bin 8.1 in branch E-1 had the highest IF and was inferred as the putative regulator, which was associated highly with six FGUs (bins 4.2, 8.3, agST E2 , agST E3 , agST E4 , and agST E5 ) of lower IF in the downstream. The remaining six independent FGUs included bins 1.7, 3.4, 2.8 and 10.5 and agST E1 . Strong negative associations were detected between the three FGUs in the upper layer of branch D-1 and agST E1 , and between bin 3.8 and agST E3 of branch E-1. Figure 2F shows the genetic network containing 15 FGUs (nine AGs and six loci) in two major branches detected in the eight Teqing/FR13A ILs. agST F5 (bins 6.2, 8.6, 9.6, and 12.4) in branch F-1 had high IF as the putative regulator associated with five FGUs (bins 3.2, 5.4, 6.4, agST F6 , and agST F7 ) of lower IF in the downstream. In branch F-2, the donor allele at bin 1.10 was present in most ILs and inferred as the putative regulator highly associated with six FGUs (bins 7.4, 12.6, agST F1 , agST F2 , agST F3 , and agST F4 ) of lower IF in the downstream. Figure 2G through 2I shows the three putative genetic networks constructed from ST ILs from three NPT BC 2 populations. Figure 2G was the network containing all 12 FGUs (three AGs and nine loci) in three branches plus two independent loci detected in the six NPT/TKM9 ILs. In branch G-1, bin 4.5 had a high IF as the putative regulator on the top associated with four loci at bins 3.5, 9.5, 10.1, and 12.2 of lower IF in the downstream. In branch G-2, agST G1 (bins 8.6 and 11.6) had high IF and was placed on the top as the putative regulator associated with bin 4.2 of lower IF in the downstream. Bin 6.4 in branch G-3 had a high IF and was inferred as the putative regulator associated with a single locus at bin 3.3 of lower IF in the downstream. A single AG, agST G3 , consisting of nine unlined loci (bins 1.7, 2.7, 3.2, 3.8, 4.7, 5.1, 5.4, 7.5 , and 10.6) could be placed in the downstream of either G-2 or G-3, which was strongly and negatively associated with bin 4.5 of branch G-1. Figure 2H shows the network containing 17 FGUs (seven AGs and 10 loci) detected in the six ST NPT/Khazar ILs, in which bin 12.6 having high IF as the putative regulator associated with three major branches plus a single independent FGU at bin 4.4 in the downstream. In branch H-1, bin 5.4 had a high IF associated with agST H2 (bins 5.5 and 6.2), agST H5 (bins 2.3 and 3.9), bin 7.4, and agST H4 (bins 7.6, 8.1, and 9.7) of lower IF in the downstream. Branch H-2 had agST H1 (bins 4.5 and 8.6) as the putative regulator on the top and three loci at bins 2.7, 3.5, and 11.7 in the downstream. In branch H-3, a single locus at bin 5.6 had a high IF and was placed on the top as the putative regulator, which was associated with agST H7 (bins 4.2 and 10.2) and bins 9.5 and 11.2 of lower IF in the downstream. A single FGU of low IF, agST H3 (bins 1.10, 4.2, and 5.3) could be placed in the downstream of either branch H-1 or H-3. Figure 2I was the network containing 15 FGUs with agST I1 (bins 3.1 and 5.2) of the highest IF in the upstream with three major branches in the downstream detected in the six NPT/ FR13A ILs. Bin 11.3 in branch I-1 had the highest IF and was placed on the top as the putative regulator, which was associated with four FGUs at bins 12.6, 5.4, agST I2 (bins 4.4, 4.6, and 7.1), and agST I3 (bins 6.5 and 7.4) of lower IF in the downstream. In branch I-2, agST I4 (bins 2.3 and 11.1) had high IF on the top as the putative regulator, which was associated with agST I5 (bins 1.1, 3.9, and 11.2), agST I6 (bins 1.3, 2.5, 2.8, 3.8, and 12.5), and agST I7 (bins 3.5, 4.2, 8.3, 8.6, and 12.1) of lower IF in the downstream. In branch I-3, bin 11.5 had a high IF and was inferred as the putative regulator, which was associated with three loci at bins 1.7, 5.4, and 8.5 of lower IF in the downstream. Figure 2J shows the genetic network containing 23 FGUs in three major branches identified in the 10 ST NPT/TKM9 BC 3 ILs. In branch J-1, bin 11.7 had the highest IF and was placed on the top as the putative regulator, which was highly associated with two major subbranches. agST J3 (bins 5.4, 6.2, and 8.6) was inferred as the putative regulator of subbranch J-1-1 based on its high IF, which was highly associated with six downstream FGUs (bins 8.1, 11.4, 5.6, agST J10 , agST J11 , and agST J12 ) of lower IF in the downstream. In subbranch J-1-2, bin 3.8 and agST J7 (bins 6.2 and 11.5) had the highest IF and were placed on the top as the putative regulators, which were highly associated with four downstream FGUs (bin 12.2, 4.6, 1.7, agST J8 , and agST J9 ) of lower IF. In branch J-2, agST J4 (bins 4.7 and 10.7) had high IF and was placed on the top as the putative regulator, which was associated strongly with agST J5 (bins 1.3, 2.5, 2.11, 6.6, 7.5, 9.3, 9.6, 10.3, and 12.6), agST J6 (bins 4.2 and 8.3), and bins 6.4 and 8.5 of lower IF in the downstream. In branch J-3, agST J1 (bins 5.2 and 10.2) had high IF and was placed on the top as the putative regulator, which was associated strongly with bin 4.2 and agST J2 (bins 1.5, 3.9, 5.5, 7.6, and 12.4) of lower IF in the downstream. Strong negative associations were detected between the downstream FGUs of branch J-1-1 and those of branch J-3 and between branch J-1-2 loci and the downstream loci of branch J-2. Figure 2K shows the genetic network containing 19 FGUs identified in three branches plus three independent loci (bins 8.3, 10.6, and 11.4) identified in the 71 ST NPT/ Khazar BC 3 ILs. In branch K-1, agST K1 (bins 5.5, 6.2, and 9.3) had a very high IF and was inferred as the putative regulator, which was associated with nine downstream FGUs at bins 5.4, 11.1, 11.5, 5.5, 2.7, and 7.6, agST K2 (bins 2.6, 5.1, and 5.3), agST K3 (bins 7.1 and 11.6), and agST K4 (bins 4.2 and 10.2) of lower IF. In branch K-2, bin 12.6 had the highest IF as the putative regulator on the top associated with three FGUs at bins 8.3, 8.6, and 12.5 of lower IF in the downstream. Bin 4.6 in branch K-3 had the highest IF and was placed on the top as the putative regulator associated with agST K5 (bins 2.5, 2.11, and 7.4) of lower IF in the downstream. Because there were only two NPT/FR13A BC 3 ILs, the donor alleles at 23 loci showing significant frequency shifts formed two large AGs plus a single locus (Fig. 2L) . The donor alleles at agST L1 (bins 2.3, 2.11, 4.7, 6.6, and 9.6) were present in both ILs, while they were present in one of the two ILs at agST L2 (bins 3.8, 4.6, 7.4, 8.2, 8.4, 8.6, 9 .3, 10.2, 10.6, and 11.7) and bin 2.5 in the downstream.
Positional Candidate Genes of the Putative Regulatory Submergence Tolerance Loci in Rice
When taking results from all 12 populations, 22 ST FGUs in 16 genomic regions were of high introgression in the upstream positions of the putative genetic networks, each of which was detected in three or more populations ( Fig.  1,2 F5 , and agST H2 ) was strongly implicated as it was detected independently in eight BC populations (Fig. 2 , branches A-1, B-1, C-1, D-1, F-1, H-1, J-1-1, and K-1 in blue color). An extensive bioinformatic search in the 16 genomic regions containing these putative regulatory FGUs identified 227 positional candidate genes of regulatory function, more than half of which belong to 12 regulatory gene families, including 12 AP2-EREBP members (Sub1), seven FAR1 members, 13 bHLH members, 15 bZIP members, 12 NAC members, 23 C2H2 members, 25 MYB or MYB related members, six G2-like members, six GRAS members, 12 HB members, nine Orphans members, and six MADS members (Supplemental Table S4 ). In addition, 41 other genes, including Adh1, SNORKEL1, and SLR1 with possible functions related to ST, were also identified in these regions (Supplemental Table S8 ).
Discussion
FR13A has been the focus of extensive studies in breeding, genetics, physiology, and molecular biology of ST in rice because of its high level of ST. Surprisingly, FR13A did not appear to be a better donor than the other two submergence-sensitive donors as far as the number of ST progeny selected in the three recipients was concerned. This was true for many biotic and abiotic stress tolerances in most BC breeding populations involving a diverse set of donors (Li et al., 2005; Ali et al., 2006; Lafitte et al., 2006; He et al., 2010; Meng et al., 2013; Wang et al., 2013) . While this rich source of hidden genetic diversity for virtually all complex traits is highly responsive to strong selection, it remains poorly understood how strong phenotypic selection was operating on the genetic variation of complex traits in populations. Thus, our results demonstrated that the strategy of selective introgression plus marker-assisted characterization of donor introgression was a powerful way for genetic dissection of complex traits, which provided insight on how strong phenotypic selection was shaping the genetic architecture of ST in rice breeding populations reflected in two major aspects. The first one was the significant overintrogression of the donor alleles at many loci across the rice genome in response to the strong selection for ST. In this study, the detection of 167 ST FGUs (295 loci) or an average 14 FGUs (24.6 loci) per population was highly efficient. Few of the identified ST loci were false positives based on three arguments. First, most (>90%) identified ST loci were simultaneously identified in multiple BC populations ( Fig. 1; Supplemental Table S3 ), even though the small number of ILs in each BC population (except for population K) had a low power in detecting the frequency shifts. Second, ST loci detected in this study cover virtually all previously reported ST QTL in different rice mapping populations ( Fig. 1 ; Supplemental Table S5 ). In particular, four large-effect QTL in bins 9.3 (Sub1), 5.4, 8.5-8.6, and 10.2 identified in previous studies were all detected as putative regulatory loci in this study. This was not surprising because the 162 ST ILs were selected from the original 12 BC populations of 6355 plants, meeting the theoretical expectation (Navabi et al., 2009 ) that the stronger the selection intensity is, the more genetic information the selected progeny would have on the target trait.
The most important one was the significantly increased homozygosity and pronounced nonrandom associations (NRAs) between or among the ST loci and FGUs genome wide, reflected primarily by 63 identified AGs and numerous significant LDs between or among unlinked ST loci (Supplemental Table S2,S3) . Historically, NRAs between or among unlinked isozyme loci have been reported in self-pollinated plant species such as barley (Hordeum vulgare L.) and rice and recently in rice ILs selected for cold tolerance, and interpreted as a result from selection operating on epistatic loci (Allard, 1975; Clegg et al., 1972; Li and Rutger, 2000; Li and Zhang, 2013; Zhang et al., 2014) . Thus, those loci in the same AGs or highly associated FGUs in the same branches of the detected genetic networks were most likely loci involved in the same positively regulated pathway for enhanced ST, which were co-responding to selection. However, the level of NRAs and dramatically increased homozygosity or loss of heterozygosity (LOH) at the detected ST loci in either BC 2 F 2 or BC 3 F 2 ILs were much stronger than the theoretical expectations (Zhang et al., 2011) and could not be easily explained by −81 † N, number of populations in which these loci were detected as putative regulatory functional genetic units (FGUs) in the upstream positions of the genetic networks in this study (Supplemental Table S2 ; Fig. 2 ). ‡ P, probabilities for the null hypothesis that the genotypic frequencies fit the Mendelian segregation based either on single locus Chi-square tests or the multilocus probability tests for association groups, respectively (Supplemental Table S2 ). K1 , and agST J5 , were extremely unlikely in the two BC 3 F 2 populations under the Mendelian segregation. In fact, more extreme cases of the frequency shift, LOH, and NRAs among many unlinked loci across the rice genome were widely observed as epigenetic segregation in the BCF 2 and pyramiding F 2 progenies selected under severe drought and salt stresses in our breeding programs (Li, 2012; Li and Zhang, 2013) . Thus, the strong NRAs and LOH observed in the ST ILs implied the presence of submergence induced gametic selection on functionally related alleles of the same AGs for improved ST, though it remains unknown how this type of stress-induced gametic selection occurred at the molecular level. Nevertheless, some interesting features of the putative genetic networks underlying rice ST were noted, which may have important biological meanings.
First, most networks having two to four groups of loci (branches) each consisting of several unlinked but highly associated FGUs of clear hierarchy. As discussed above, each group of these highly associated ST loci represented a group of epistatic loci involved in the same positively regulated pathway. Then, the presence of multiple positively regulated pathways for enhanced ST in rice can be inferred, consistent with the results of recent transcriptome studies on rice ST (Jung et al., 2010) . When results from different populations were compared, first between the two large BC 3 populations (J and K), and then between the BC 3 and related BC 2 populations, one putative pathway regulated by an AG containing three or four unlinked loci in bins 5. 4, 6.2, 8.6, and 9.3 (Fig. 2, Table 1 ). This pathway was also detected in five BC 2 populations (B-1, C-1, D-1, F-1, and H-1) regulated by agST B1 , agST D5 , agST F5 , and agST H2 and partially in two other BC 2 populations (A-1 and I-1). Curiously, Sub1 in bin 9.3 was part of this AG detected either as a single locus (Fig. 2C ) or as part of the AG but replaced by bin 8.6 in the NPT/TKM9 (agST G1 and agST J3 ) and Teqing/ FR13A populations (agST F5 ). However, molecular analyses (Fig. 2) indicated that FR13A is the only donor with the functional haplotype Sub1A-1/Sub1B-1/Sub1C-1 at Sub1 , while the other two donors and all recipients has nonfunction alleles at Sub1. Further, all these loci except for bin 6.2 in the AG were previously detected as major ST QTL in different rice populations (Supplemental Table S5 ). Then, a puzzling question arises regarding the nature of this pathway. Our results suggest that this pathway might be the ethylene-mediated signaling pathway (Sub1) for enhanced ST in rice because Sub1 locus was detected as part of the regulatory FGU of this pathway in multiple populations. If so, one would have to explain why this putative pathway was detected in seven of the populations where both parents do not have the functional allele, Sub1A-1. Future studies are needed to answer this question and determine the nature of this important pathway.
Another notable putative pathway was J-3 (dark green) detected in the NPT/TKM9 BC 3 population with agST J1 (bins 4.2, 5.1-5.2, and 10.2) as the putative activator. Based on the criteria of sharing the same regulators plus one or more downstream loci, this putative pathway appeared to correspond to eight branches of the nine BC 2 populations (A-2, C-2, D-4, E-1, F-2, G-1, H-2, and I-2). In addition, three other putative pathways were noted (Fig. 2) , including J-2 and K-2 (pink color) detected in two NPT BC 3 populations which shared the same putative regulators at bins 4.6-4.7 and 10.6-10.7, K-3, H-2, and I-1 (red color) in three NPT populations that shared the same regulatory loci at 12.6 and 11.2-11.3 and at J-4 and I-3 (light green color) detected in two NPT populations that shared the same regulatory loci at 11.5 associated with same downstream loci at bin 1.7.
The second feature of the putative genetic networks was that the strong negative associations (associations between the donor alleles for enhanced ST at loci in one group with the recipient alleles for reduced ST at loci in the others), though much fewer, tended to occur between loci in different branches (pathways) or between some downstream FGUs of one branch and the upstream one in a different one ( Fig. 2A, 2C , 2E-K). For example, the strong and highly significant negative associations were detected between J-2 and J-4 or J-1, between J-1 and J-3 in the NPT/TKM9 BC 3 ILs (Fig. 2J) , and those between K-1 and K-2 or K-3 in the NPT/Khazar BC 3 ILs (Fig. 2K) . Thus, it would be of great interest to determine, in future studies, if those negatively associated groups of ST FGUs represent different but negatively regulated pathways such as the known ethylene and ABA signaling pathways controlling ST in rice (Benschop et al., 2005; Jung et al., 2010) and, if so, what genes and pathways are involved. This information is important in breeding because it would be impossible to combine two negatively regulated pathways and their functional alleles involved together for improving the same target traits.
The third feature of the genetic networks was that ST FGUs in the downstream of the genetic networks accounted for the majority of detected ST FGUs or loci (Supplemental Table S6 ), meeting the theoretical expectation and principle of hierarchy (Zhang et al., 2011) . However, while most of the downstream loci were detected in multiple populations, their associations with those putative regulators were less consistent across different genetic backgrounds. We also noted many cases where several tightly linked SSR markers in the reference rice SSR map (Gramene, http://www.gramene. org) were unlinked in our selected ILs (Supplemental Table S3 ). These could not be attributed to genotyping errors since their linkage relationships varied in different populations, which have been widely observed in many BC populations of our breeding program (unpublished results). This result would suggest the presence of cryptic structural genomic variation (duplications, inversions, deletions, and translocations) among different varieties of rice, which were at least partially responsible for the lack of consistency in associations between the putative regulatory FGUs and their downstream loci across different populations. Nevertheless, bioinformatic search in genomic regions where some downstream ST loci were detected in multiple related populations identified many candidate genes with possible functions related to ST (Supplemental Table S7 ), though it would be extremely challenging to verify the molecular functions of these downstream ST loci.
The large numbers of loci and clear hierarchy of the complex genetic networks involved in rice ST are consistent with our knowledge that plant responses to abiotic stresses involve many signaling pathways and complex gene networks (Knight and Knight, 2001; Xiong and Zhu, 2001; Shinozaki et al., 2003; Shao et al., 2006; Duque et al., 2013) . High levels of variation remains at all detected ST loci in the ILs of the same or different genetic backgrounds (Fig. 2) . The wide but random distribution of the functional alleles at the ST loci in the donors implies that these ST alleles were of ancient wild-type since natural populations of rice ancestors would have become adapted to the flooded conditions long before domestication. Domestication followed by continuing improvement in rice cultivation conditions, primarily well-controlled irrigation systems, has relieved rice plants from submergence to a varied extent in different rainfed lowland ecosystems, resulting in accumulation of loss of function mutations at ST loci randomly distributed in rice varieties. Hybridization followed by recombination and selection is expectedly able to restore the broken networks of rice to adapt to submerged conditions. Thus, this type of genetic system with multiple pathways affecting the same traits is able and may have maintained the tremendous genetic variation at loci for complex traits in self-pollinated plant species and even for open-pollinated plants and animals under long-term directional selection (Rosulj et al., 2002; Song and Chen, 2004; Burke et al., 2010) .
Our results indicate that genetic complementarity and repulsive distribution of the functional alleles in the parents provides an appropriate explanation for the hidden diversity and transgressive segregation of ST observed in this study and other complex traits in rice. Thus, rice germplasm accessions maintained in rice genebanks worldwide today should have sufficient favorable alleles to improve ST and other important phenotypes of rice. Our strategy of introgression breeding using multiple diverse donors and strong phenotypic selection provides a good solution to exploit this hidden diversity to improve ST and other stress tolerances of rice (Li and Zheng, 2013) and is complementary to the current efforts in developing ST rice cultivars focusing on the deployment of single major QTLs such as Sub1A-1 (Neeraja et al., 2007; Septiningsih et al., 2009 
